The antibacterial behaviour of ZnO 
Introduction
Cold spraying, as part of the large family of thermal spray processes, has come to be known as a materials deposition process for relatively small particles (ranging in size from approximately 1 to 50 micron in diameter).
Upon deposition, spray materials experience little change in microstructure with little oxidation and decomposition. Most metals such as Cu, Al, Ni, Ti and Ni-based alloys can be deposited by cold spray [1] [2] [3] [4] , and even cermets [5] and ceramics can be embedded into a substrate to form a thin layer coating in cold spray. A potential advantage of this process over thermal spray is the ability to generate dense coatings retaining feedstock material chemistry and phase composition.
Aluminum is a particularly interesting cold spray candidate, for the following reasons: (i) Al may be used for a number of cosmetic, repair and corrosion protection applications; (ii) it is a low density metal and thus may be accelerated to very high velocities by cold spray; and (iii) Al powders are available commercially in a variety of compositions [6] .
Recently, the antibacterial activity of ceramic powders has been pointed out and much attention has been directed towards them as a new substitute for conventional organic agents [7] , because organic agents can contain noxious materials harmful to humans. Ceramic powders of zinc oxide (ZnO), calcium oxide (CaO) and magnesium oxide (MgO) have been found to show a marked antibacterial activity without the presence of light. Moreover, the use of these ceramics has the advantage of containing mineral elements that are essential to the human body as well as a strong antibacterial activity, even when present in a small amount without the irradiation of light [8] .
In the present work, the deposition characteristics of Al/ZnO coating were studied through the examination of the microstructure of the deposit formed by cold spray process using different ratios of Al/ZnO powder. Moreover, the Al/ZnO coating will be monitored with bacterial culture test to observe the killing rate against E coli.
Materials and experiment procedures

Raw materials
Zinc acetate, zinc nitrite and zinc chloride were used to produced ZnO nanopowder, all of which were purchased from Sigma-Aldrich. Aluminum powder of 99.8% purity (-45 micron) was purchased from CHT International Pte Ltd (Singapore). Sodium hydroxide, in the pellet form, was purchased from Merck (USA). Escherichia coli DH5α was provided by the Department of Biological Science of the Nanyang Technological University, Singapore.
Cold Spray Powders Preparation
Zinc oxide nanopowder was synthesized from three different kinds of salt, which were zinc acetate, zinc chloride and zinc nitrate. These were added into sodium hydroxide solution for about an hour. The precipitate was washed with Deionised water, followed by ethanol, before drying in a 37 °C oven. ZnO nanopowder has an irregular morphology as shown in Fig. 1 . The commercially available aluminum powder (-45 mesh) was used as an initial material. The aluminum powder has irregular morphology as shown in Fig. 2 . Both powders that were used to deposit the coatings were sieved to a size of less than 45 micron before they were mixed together in a ball-mill for about 24 hours. The Al and ZnO nanopowder were mixed in a ratio of 80:20, 50:50 and 20:80 (wt %).
Cold Spray of Al/ZnO Powders
The cold spray system developed in collaboration with ST Kinetics (Singapore) engineering company was used to produce Al/ZnO coating. Glass slide was used as the coating substrate. Prior to spraying, the substrate surface was cleaned with acetone. Pure air was used as the accelerating and carrier gas operating at pressures of 14 to 15 Bars in the pre-chamber. The gas was preheated to a temperature of 200 to 300°C. The standoff distance from the gun exit was 15 mm. The traverse speed of the gun relative to the substrate was 60 mm/s. The microstructure of the Al/ZnO coating was analyzed using a Field Emission scanning electron microscope (JEOL JSM-6700F).
LB agar plate and LB broth preparation
o C to obtain a yellow solution. The agar solution was poured onto Petri dishes until their whole surface were fully covered. These Agar plates were then placed, uncovered, inside a BioSafety cabinet for drying. Afterwhich, these Petri dishes were covered, stacked together and sealed in plastic packaging. These were subsequently placed inside a 37 o C incubator for 24 hrs to ensure that no bacteria contamination occurred during agar preparation. These agar plates were then stored in a 4 o C refrigerator. LB broth was prepared by mixing LB broth powder with Deionised water. The broth was stirred and dispensed into 10 ml test tubes. The solution was autoclaved for 15 minutes at 121 o C to obtain a yellow solution. The broth solution was stored in a 4 o C refrigerator.
Tests of antibacterial activity
The E. coli used were stored inside microcentrifuge tubes at -80 o C. When required, the tubes were taken out and thawed at room temperature. A sterile wire loop was used to plate the bacteria by streaking lightly on the surface of agar coated Petri dishes. Fig. 3 shows the procedure of the first, second and third streaking strokes on a single agar plate. The agar plates were placed upside down in a 37 o C incubator for 24 hrs. Using a sterile wire loop, a single colony was extracted and streaked on to another agar plate. The plates were further incubated upside-down at 37 o C for another 24 hrs. Using a sterile wire loop, an isolated colony was placed into a test tube containing 10 ml of broth, and vortexed for 60s. With a micro-pipettes, 1 ml of E. coli solution was taken out and put into; (a) pure broth 9 ml as a control (b) broth 9 ml + sample 1 (c) broth 9 ml + sample 2 (d) broth 9ml + sample 3, etc. This was followed by a number of serial dilutions, 6 times (up to 1:1,000,000). 100µl of solution was plated on to agar dishes using a spreader. Where necessary, more than one plate was replicated for each concentration. The plates were again incubated at 37 o C (upside down) for 24 hrs. Choice and count the number of colonies in plates containing 30 to 300 colonies per plate. One colony represents a colony-forming unit (CFU).
Results and discussion
In this section, findings from each experiment are presented separately followed by integrated discussions. It is confirmed by EDX results that there is almost no change in Al/ZnO content after cold spraying as shown in Table 1 . The negligible difference in ZnO/Al content suggested that oxidization has not occurred during the cold spray process. Thus, it can be assumed that the composition of the coating by cold spraying is almost the same with that of the feedstock powder. Fig . 7 shows that all cold sprayed samples kill E. coli and the killing rate increased with increasing ZnO nanopowder concentration in the composite powder feedstock and cold sprayed coating.
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Conclusions
Al-ZnO coatings were successfully deposited on glass at room temperature using cold spraying parameters. Moreover, the Al/ZnO contents in the powders and coatings were not much different. It can therefore be inferred that the powders remained unchanged during coating deposition. These as-sprayed coatings of varying Al and ZnO content retained their inherent antibacterial property as verified from bacterial counting test. The results indicated that the antibacterial activity increased with increasing ZnO nanopowder concentration in the composite powder feedstock and cold sprayed coating.
